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I)  Transient  Microstructure  of  low  hard-segment  thermoplastic  polyurethane 
under  uniaxial  deformation. 

Microstructure  evolution  during  uniaxial  deformation  (>.=1  to  X=3.5)  of  a  low  hard  segment 
(<10mol%)  thermoplastie  polyurethane  (LHS-TPU)  has  been  followed  by  in-situ  wide  angle  X- 
ray  (WAX)  and  small  angle  X-ray  (SAX)  with  a  focus  on  identifying  the  peculiar  structural 
changes  associated  with  features  in  its  tensile  behavior.  For  the  LHS-TPU,  a  unique  transient 
lamellar  morphology  with  tilted  crystallites  is  observed  at  elongations  up  to  100%  (k=2) 
resulting  in  a  4-point  pattern  in  the  SAX.  These  soft  segment  crystallites  exhibit  a  unit  eell  that  is 
iso-structural  to  Poly(butyleneadipate)  (PBA).  Owing  to  the  cylindrieal  symmetry  of  the 
deformation,  the  distinct  morphology  with  tilted  erystallites  ean  be  modeled  in  2D  by  a  simple 
packing  of  lines  resembling  lamellar  erystallites.  The  hard  segments,  due  to  their  low  eontent 
only  act  as  physical  crosslinks  and  do  not  crystallize.  The  morphology  changes  correspond  to 
onset  of  yield  stress  and  strain  hardening  in  the  stress-strain  behavior  during  uniaxial  elongation. 
Further  elongation  leads  to  a  eonventional  2-point  pattern  along  the  deformation  direction  with 
lamellar  erystallites  aligning  in  the  plane  normal  to  the  deformation.  Figure  1  summarizes  data 
from  SAX,  WAX  and  image  analysis.  A  transient  morphological  structure  was  discovered  by  in- 
situ  X-ray.  The  transition  from  an  equatorial  4  point  pattern  to  a  meridional  2  point  pattern  has 
not  been  observed  in  sueh  system. 

Thermoplastie  elastomers  have  been  prepared  and  characterized  via  SAX  and  WAX 
experiments  in  in-situ  tensile  tests  to  shed  light  into  the  morphology  development  of  earbon 
nanotube  filled  systems.  The  neat  PU  system  shows  a  transient  morphology  at  low  strains.  DSC, 
NMR  and  X-ray  indicate  that  Irogran  is  very  similar  in  its  behavior  as  poly  (butylene  adipate) 
and  differenees  can  be  aecounted  for  the  low  content  of  physical  crosslinks.  A  small  amount  of 
crystallites  present  in  the  as-made  sample  (phase  I)  leads  to  a  ehevron-type  morphology  upon 
small  deformations  (A,<1.9)  with  the  appearanee  of  a  figure  eight  pattern  in  SAX.  Further 
stretching  of  the  samples  leads  to  a  typieal  lamellar  morphology  with  lamellar  erystallites 
perpendicular  to  the  stretehing  direction  (phase  II).  Extreme  elongation  leads  to  a  fibrillar 
morphology.  Only  a  detailed  study  of  the  deformation  behavior  of  this  system  reveals  features 
that  are  otherwise  overlooked.  The  unique  4-point  pattern  caused  by  chevron-type  morphology 
of  already  present  crystallites  can  be  modeled  adequately  by  sehematic  lines  that  represent 
crystallite  alignment  and  paeking.  These  results  are  important  for  the  understanding  of 
nanocomposite  systems  that  use  Irogran  as  the  matrix  polymer. 
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Figure  4a:  Structural  evolution  of  SAX  pattern  and  Digital  Fourier  transformation  of  morphology 
model. 

WAX  &SAX  patterns  of  neat  PU  upon  deformation  and  schematic  representation  of 
morphology,  a)  2D  WAX  pattern  with  equatorial  {E,  horizontal)  and  meridional  (M,  vertical, 
elongation  direction)  scans  as  insets  at  A,=l,  >.=1.3,  'k=2,  >,=3.5. 
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II)  MORPHOLOGY-DEFORMATION  CORRELATIONS  IN  CNT 
NANOCOMPOSITE  ELASTOMERS 

Understanding  the  morphological  evolution  and  interplay  of  anisotropic  nanofdler  and  matrix  is 
important  to  predict  properties  such  as  conductivity  and  response  to  external  fields.  The  response 
of  a  carbon  nanotube  (CNT)  fdled  thermoplastic  elastomer  (PU)  to  external  deformation  was 
probed  via  in-situ  X-ray  measurements  both  in  small-angle  (SAX)  and  wide-angle  (WAX) 
experiments  to  reveal  morphological  changes  of  both  polymer  and  nanoparticle  filler.  Strain- 
induced  crystallization  of  the  PU,  alignment  of  the  amorphous  and  crystalline  phase  of  the 
polymer  and  its  effect  on  the  orientation  of  the  CNT  are  discussed  as  a  function  of  strain-rate  and 
fdler  concentration.  It  is  found  that  the  CNT  concentration  plays  a  major  role  in  the  mechanical 
properties  as  well  as  the  alignment  and  crystallization  of  the  matrix  polymer,  while  the  rate  at 
which  the  system  is  deformed  only  affects  the  morphological  evolution  to  a  minor  degree.  The 
addition  of  carbon  nanotubes  masks  the  differences  in  the  strain  rate  found  for  the  neat  PU 
system.  The  degree  of  alignment  for  CNTs  is  much  smaller  than  predicted  from  a  pure  kinematic 
perspective.  Possible  entanglements  and  the  flexibility  of  the  CNTs  lead  to  an  orientation  that  is 
independent  of  concentration. 

Figure  2  shows  data  from  in-situ  X-ray  measurements  on  filled  CNT/PU  samples.  Figure 

3  a)  shows  plateau  of  crystallite  orientation,  b)  strain  when  strain  hardening  is  observed.  Figure 

4  shows  crystallinity  as  a  function  of  strain  rate  and  concentration. 

Figure  5  demonstrates  that  CNT  loading  does  not  affect  the  alignment  ability  of  the  individual 
tubes  in  the  nanocomposites. 
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Figure  2:  Tensile  data  (line),  crystallinity  index  (x),  Hermans  orientation  parameter  for 
crystalline  PU  (filled  squares),  amorphous  PU  (circles)  and  CNT  (open  diamonds)  for  A)  a  neat 
PU  sample,  B)  a  1%  CNT/PU  sample  and  C)  a  10wt%  CNT/PU  sample  D)  a  20%  CNT/PU 
sample  at  Imm/min  strain  rate. 


strain  rate  (mm/min)  strain  rate  (mm/min) 

Figure  3:  a)  Plateau  of  crystallite  orientation,  b)  Strain  when  strain  hardening  is  observed. 
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Figure  4:  a)  Crystallinity  of  PU  system  at  maximum  strain,  b)  Crystallinity  as  a  function  of 
concentration  at  3mm/min  strain  rate. 


Figure  5:  CNT  orientation  parameter  Sd  for  1,  5,  10  and  15wt%  PU/CNT  nanocomposites  with 
example  tensile  data  for  the  1  and  15wt%  samples.  The  dashed  line  represents  a  fit  for  ideal 
kinematic  alignment  of  a  rod.  Tube  loading  does  not  play  a  role  in  the  final  orientation  parameter 
of  CNTs.  Independent  of  strain  rate;  tubes  align  the  same  way  at  high  or  low  concentrations. 

In  summary,  a  complex  interplay  between  nucleation  and  strain  induced  crystallization, 
polymer  crystallite  orientation  and  tube  alignment  underlie  the  reinforcing  effect  of  multi-wall 
CNT  on  Irogran.  Incorporation  of  as  little  as  2.9  vol%  of  CNTs  into  the  thermoplastic 
polyurethane  increases  yield  stress,  stress  at  break  and  modulus,  without  loosing  the  ability  to 
stretch  the  elastomer  above  1000%.  These  properties  are  influenced  by  a  strain  induced 
crystallization  of  the  soft-segments  of  the  PU,  which  leads  to  a  complex  synergism  in  the 
mechanical  reinforcement  of  PU  nanocomposites.  This  synergism  also  carries  over  to  the 
alignment  of  CNTs  during  deformation. 
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Ill)  Growth  Mechanism  of  Gold  Nanoparticles  and  Colloidal  Crystals  Studied 
by  in-situ  SAXS 


Gold  nanoparticles  have  long  been  around,  since  ancient  times  from  the  Lycurgus  Cup*  to 
medieval  stained  glass,  to  modem  times  with  the  Turkevich  synthesis^  in  the  early  1950’s  (old  by 
modem  standards)  and  the  Bmst-Schiffrin  synthesis^  of  the  mid  1990’s.  More  recently,  a  one- 
pot,  easily  scalable,  low  polydispersity  nanoparticle  synthesis  route  was  developed  by  Stucky 
and  colleagues  at  UCSB"*.  Like  the  Bmst  method,  the  Stucky  method  provides  sizes  smaller  than 
typically  achieved  in  the  Turkevich  method,  however  it  is  one-phase  and  one-pot  unlike  the 
Bmst  method. 

TEM,  in-situ  UV-Vis,  in-situ  SAXS  combined  to  give  physical  data  of  different 
perspectives.  UV-Vis  provides  concentration  of  gold  atoms  bound  into  nanoparticles  from  Beer- 
Lamberdt’s  law  and  Mie  theory  based  on  the  absorption  of  the  surface  plasmon  resonance 
located  near  520nm,  while  the  specific  wavelength  of  the  surface  plasmon  provides  limited 
information  about  the  nanoparticle  size.  TEM  provides  a  physical  size  measurement.  SAXS 
studies  provide  number  density  of  nanoparticles  and  the  size  of  the  nanoparticles  as  their 
nucleation  and  growth  in  size  occurs,  and  recent  studies  have  suggested  its  utility  in 
understanding  nanoparticle  growth  mechanisms.  These  techniques  combine  to  help  answer 
broader  questions  about  the  mechanism  of  nanoparticle  growth. 

SAXS 


Evolution  of  Au  nanoparticle  synthesis  was  followed  using  synchrotron  X-ray 
experiments,  conducted  at  X27C,  National  Synchrotron  Light  Source  at  Brookhaven  National 
Laboratory.  Sample  to  detector  distance  was  2000  mm  at  a  wavelength  of  0.1371nm,  defined  by 
a  double  multi-layer  monochromator.  The  synchrotron  x-rays  were  collimated  to  a  600  pm  beam 
size  using  a  three-pinhole  collimator^*.  SAX  images  were  obtained  using  a  Mar  CCD  detector. 
Stock  solutions  of  Au  precursor/thiol  surfactant  and  reducing  agent  in  benzene  were  mixed  in  the 
appropriate  stoichiometry  right  before  the  reaction.  The  mixture  was  thoroughly  mixed  in  a  small 
vial  and  immediately  filled  into  the  reaction  cell.  The  time  between  initial  mixing  and  the  first 
exposure  was  about  2  minutes.  The  sealed  reaction  cell  was  mounted  into  the  beam  and  image 
collection  followed  with  4  minutes  exposure  time  for  each  frame.  The  reactions  were  run  for  1-6 
hours  depending  on  the  ratio  of  reducing  agent  to  Au  precursor.  The  collected  images  were 
corrected  for  background  and  initial  beam  intensity  as  outlined  in  the  next  chapter. 

Data  reduction 

Dark  current  correction  and  de-zingering  of  the  2d  detector  data  was  done  internally 
while  capturing  the  data  on  the  MarCCD  detector.  Further  correction  of  raw  intensity  data 
(Sa2D)  was  done  by  normalizing  to  beam  intensity  10  (initial  intensity  of  beam  as  it  enters  the 
sample  changes  over  time  due  to  beam  fluctuations,  filling  ring),  transmission  T  (sample 
transmission  is  obtained  via  normalizing  measurements  from  photodiodes  before  and  after  the 
sample  (lO/IOef)  with  respect  to  empty  cell  data  -  EF2D) 
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lx(ix(ia2D)-j^x(SF2D)) 

Experiments  were  reproducible.  Intensity  data  from  two  different  reactions  essentially 
fall  on  top  of  each  other  (example  Cl 2,  1:1  can  show  in  supplemental).  A  matrix  of  reactions 
was  run  varying  the  molar  ratio  of  reducing  agent  towards  Au  precursor  (5:1,  1:1,  0.5:1)  in 
addition  to  changing  the  capping  agent  (C8,  Cl 2,  C16  thiol).  Only  four  of  these  are  shown  here 
to  demonstrate  the  feasibility  of  SAXS  to  derive  detailed  information  on  the  kinetics  and 
evolution  of  particle  growth  (maybe  others  in  supplemental).  Reactions  ran  for  about  1  hr  for  5:1 
ratio  and  3hrs  for  1:1  ratio  and  6hrs  for  0.5:1  ratio. 


0.01  1  0.1  0.01  1  0.1 
Q  vector  [A  ]  Q  vector  [A  ] 


Figure  6:  Reduced  SAXS  data  for  A)  C12/5:l.  The  dotted  line  is  from  neat  Benzene.  B)  C12/l:l; 
C)  C8/l:l  andD)C16/l:l. 
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Based  on  findings  in  Figure  7,  the  data  for  these  three  reactions  can  be  assumed 
independent  of  surfactant  length.  Only  when  excess  reducing  agent  is  used  (Cl 2/5: 1)  the  reaction 
proceeds  much  quicker  with  basically  no  induction  period  and  a  steeper  incline  in  section  [II]  of 
the  reaction.  Turnover  into  region  [III]  of  the  reaction  is  setting  in  at  smaller  particle  sizes  (3nm 
as  opposed  to  4nm  for  the  other  reactions).  The  slope  of  reagion  [II]  is  the  same  for  all  three 
surfactants.  This  is  in  agreement  with  UV/VIS  experiments,  which  shows  that  the  kinetics  of  the 
reaction  is  independent  of  surfactant.  Both  UV/VIS  and  SAX  experiments  also  show 
incoherences  in  the  incubation  time  of  the  reaction.  The  rate  of  growth  is  the  same  but  the  initial 
period  [I]  is  strongly  dependent  on  a  number  of  factors,  such  as  dust  particles,  fluctuations  in 
concentrations  due  to  micelle  formation  of  thiols.  These  results  stand  in  contrast  to  the 
mechanism  proposed  by  Stucky  et.  al  in  which  the  authors  hypothize  that  after  a  short  time 
particles  grow  to  their  final  size  quickly  and  that  the  number  of  particles  increases  over  time. 
Growth  according  to  these  findings  would  imply  a  sharp  increase  in  particle  size  at  early  reaction 
times.  The  form  factor  would  reach  equilibrium  at  the  same  time  and  only  the  intensity  would 
increase  steadily  over  time.  A  dashed  line  in  Figure  3  schematically  represents  such  an  event. 
This  is  clearly  not  the  case  in  the  reactions  in  this  study.  The  size  of  particles  increases  in  three 
parts  from  well  below  Inm  up  to  their  final  size  of  5nm. 

Similar  results  have  been  found  by  Turkevich  et.  al  in  the  50s.  They  find  the  same  S- 
shape  curve  for  particle  growth  and  explain  their  results  with  the  chemistry  of  the  reaction.  They 
describe  four  regions:  a)  induction  period,  b)  autoaccelerating  portion,  c)  linear  region,  d)  decay. 
They  observe  inhomogeneities  in  the  initial  portion  of  the  reaction  by  electron  microscopy  in  the 
range  of  20nm. 


time,  min. 

Figure  7:  Particle  diameter  obtained  from  SAX  fitting  as  a  function  of  reaction  time  for  C8/1 : 1, 
C12/1:1,C16/1:1  andC12/5:l. 


Figure  8  demonstrates  that  SAX  is  an  ideal  tool  to  follow  size  distribution.  A  good  match 
between  TEM  data  and  SAX  of  the  final  reaction  product  is  shown. 
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Figures:  A)  C12/l:l  andB)C16/l:l 
from  SAX  experiments^. 


[^overlaid  with  results  from  final  volume  distribution 


Conclusions 

Based  on  the  SAX  experiments  and  TEM  analysis  the  following  conclusions  about  Au 
nanoparticle  growth  in  Benzene  can  be  drawn.  There  is  an  incubation  period  for  all  reactions. 
Small  particles  form  at  the  early  stage  that  can  be  fitted  with  one  population  with  a  broad  size 
distribution.  A  low-Q  upturn  at  the  very  beginning  of  the  reaction  is  indicative  of  micelle 
formation  of  surfactant  in  the  solvent  (confirmed  by  LS).  The  reaction  progresses  faster  after 
about  30min  and  reaches  a  plateau  at  about  2hrs.  In  this  region  [II]  the  SAX  data  can  be  fitted 
with  one  population  of  particles  with  narrowing  size  distribution.  The  number  of  particles  in  this 
region  increases.  When  the  reaction  reaches  the  plateau  [III]  the  number  of  particles  does  not 
increase  further  or  to  a  much  smaller  degree  and  the  size  distribution  narrows.  This  eventually 
leads  to  the  formation  of  colloidal  crystals  and  the  appearance  of  diffraction  peaks  on  top  of  the 
sphere  scattering. 

These  results  indicate  a  more  complicated  growth  mechanism  compared  to  TEM 
previous  TEM  observations  of  the  same  reactions  (Stucky  paper).  As  opposed  to  particles 
growing  quickly  to  their  final  size  with  further  increase  in  number,  the  reactions  in  this  study  can 
be  divided  into  three  regimes;  [I]  nucleation,  [II]  growth  and  [III]  ripening.  SAX  shows  these 
three  main  areas  for  every  reaction,  independent  of  surfactant  or  reducing  agent  concentration. 
The  data  analysis  also  provides  more  insights  into  the  detailed  evolution  within  the  three  main 
regions.  Noteworthy  are  the  initial  inhomogeneities  due  to  micelle  formation  of  thiol  surfactant 
in  benzene,  possibly  leading  to  fluctuations  of  Au  precursor  at  the  initial  reaction  step  as  well 
(Fig.  9a);  coalescence  of  smaller  particles  (Fig.  9c,  increase  in  slope  in  Figure  7);  ripening  and 
colloid  crystallization  at  late  stages  in  the  reaction  as  seen  in  the  formation  of  fee  lattice  peaks  in 
the  SAX  curves  (Fig.  9g). 
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Figure  9:  Schematic  of  possible  Au  nanoparticle  growth.  A)  atomic  concentration 
inhomogeneities,  b)  nucleation,  c)  coalescence,  d)  growth,  e)  distribution  narrowing  (ripening),  f) 
colloid  crystallization 
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